RDP estimates that were based on chemical fractionation of proteins by the Cornell Net Carbohydrate and Protein System (CNCPS) or protein degraded by either a 10-h single-time-point in situ rumen incubation or a 16-h in vitro incubation with a commercial Streptomyces griseus protease.
Therefore, a subset of samples from the Grabber and Coblentz (2009) study was used to assess the regression relationships of RDP determined by a standard in situ kinetic protocol to RDP estimated by the aforementioned alternative methods or a rumen microbial inhibitor in vitro (IIV) assay (Broderick and Clayton, 1992; Broderick et al., 2004b) . Our objective was to assess the utility of various alternative methods for estimating RDP in rollconditioned or mechanically macerated hays and silages of forage legumes diff ering in their makeup of protein-binding polyphenols. Such validation will ensure that RDP in diverse types of conserved forage legumes can be routinely and properly characterized for feeding to ruminant livestock or for developing improved plant germplasm.
MATERIALS AND METHODS

Forage Preparation and Characterization by CNCPS
In 2003, freshly mown summer regrowth of alfalfa (Medicago sativa L.), red clover (Trifolium pratense L.; hereafter clover) with ~15 g kg −1 o-diphenols, and birdsfoot trefoil (Lotus corniculatus L.; hereafter trefoil) with 6.1 or 14.8 g kg −1 condensed tannins (CT) were conditioned either by intermeshing rubber rolls or by rotary-impact maceration as described previously (Grabber, 2008) . Conditioned herbage was then wilted on fi ne screens in forced-draft ovens (35°C day, ambient night temperatures) and conserved as silage in 1-L glass jars at 350 g kg −1 dry matter (DM) or further dried in forced-air ovens for conservation as hay (Grabber, 2008) . After incubating at room temperature for 90 d, silages were removed from jars, frozen in liquid N, and freeze-dried to >900 g kg −1 DM. Dried samples were ground to pass through a 2-mm screen of a cyclone mill (Udy Corporation, Fort Collins, CO) for laboratory assays or a 2-mm screen of a Wiley mill (Arthor H. Thomas Co., Philadelphia, PA) for in situ incubations.
As reported earlier, (Grabber, 2009) , CNCPS fractions were determined by analyzing duplicate samples (250 mg) for crude protein (CP), buff er-soluble protein (BSP), and buff er-soluble nonprotein nitrogen (BSNPN). Additional samples (500 mg) were analyzed in triplicate for neutral detergent fi ber (NDF), acid detergent fi ber (ADF), neutral-detergent-insoluble protein (NDIP), and acid-detergent-insoluble protein (ADIP) by sequential detergent extraction in fi lter bags. Acid detergent lignin (ADL) was determined by treating ADF residues in fi lter bags with 72% H 2 SO 4 (ANKOM Technology, Macedon, NY). Fraction B1 protein (BSP precipitated by tungstic acid) was calculated as BSP minus BSNPN. Fraction B2 protein was estimated as buff er-insoluble CP minus NDIP, and fraction B3 protein was estimated as NDIP minus ADIP (Sniff en et al., 1992) .
In Situ Kinetic Method for Estimating Rumen-Degradable Protein
Duplicate samples (5 g) of 16 forages, combined across fi eld replicates, were sealed in Dacron bags (10 by 20 cm; pore size 50 ± 10 μm; ANKOM Technology, Macedon, NY) and incubated within a ruminally cannulated nonlactating Holstein-Friesian cow during two separate 4-d experimental periods separated by a 3-d recovery period. The cow was off ered a diet consisting of 850 g kg −1 alfalfagrass hay, 61 g kg −1 ground corn, 80 g kg −1 soybean meal, and 9 g kg −1 of minerals on a DM basis. The mean composition of the diet was 141 g kg −1 CP and 642 g kg −1 of total digestible nutrients on a DM basis. The diet was off ered twice daily at a rate of 13.5 g DM kg −1 of bodyweight starting 9 d before initiating in situ incubations. Cannulation and cow care for the in situ incubation (and for the IIV assay described below) were approved by the Research Animal Resources Center of the University of Wisconsin.
During each experimental period, a total of 192 Dacron bags were allocated by time period into larger 35-by 50-cm mesh bags (16 Dacron bags per mesh bag), soaked in water (39°C) for 20 min, and then inserted simultaneously into the ventral rumen of the cow immediately before the morning feeding. Following ruminal incubation for 0, 2, 4, 8, 16, 36, or 72 h, bags were washed immediately with 10 cold-water rinse cycles in a top-loading washing machine (Coblentz et al., 1997; Vanzant et al., 1998) . Bags were then dried at 55°C, equilibrated with the atmosphere, and weighed to determine residual forage DM (Vanzant et al., 1996) . Initial forages and in situ residues were analyzed for N by combustion (FP2000 analyzer, LECO Corporation, St. Joseph, MI).
The proportion of CP remaining at each incubation time was fi tted by nonlinear regression to estimate potentially degradable protein (B), undegradable protein (C), and the disappearance rate (K d ) of B (Mertens and Loften, 1980 CP and 702 g kg −1 of total digestible nutrients on a DM basis. Cows were fed twice daily ad libitum; intake was not measured. Whole ruminal contents were collected from beneath the fi brous mat in the rumen and fi ltered at the barn through two layers of cheesecloth. The fi ltrates were quickly transported to the laboratory, fi ltered again through four layers of cheesecloth, and equal volumes of strained rumen fl uid from each cow were mixed together. The inoculum was preincubated with carbohydrates and amended with 1.5 mM hydrazine sulfate (H-7394, Sigma, St. Louis, MO), 45 mg L −1 chloramphenicol (C-0378, Sigma, St. Louis, MO), and other additives as described previously (Broderick et al., 2004b) .
F tests were signifi cant (P ≤ 0.05). Relationships between RDP as estimated from in situ kinetics vs. alternative methods were tested by regression analyses (Neter et al., 1990) by running PROC REG in SAS 9.1. A reduced model (i.e., all conditioning and conservation methods had the same slope and intercept) was rejected if it signifi cantly increased error sums of squares (P ≤ 0.05) compared with the full model (i.e., one or more conditioning or conservation methods had unique slopes and/ or intercepts). Regressions were tested for intercepts of zero and slopes of 1.0 by the TEST statement. Unless noted otherwise, all reported diff erences were signifi cant at P ≤ 0.05.
RESULTS AND DISCUSSION
Forage Chemical Composition
Concentrations of CP in conserved forages averaged 235 g kg
, with modest diff erences between treatments ( Table  1) . Concentrations of NDF in roll-conditioned hay and silage averaged 414 g kg −1 in alfalfa and trefoil compared with 359 g kg −1 in clover. Switching from rolls to maceration increased NDF in all forages to 429 g kg
, thereby yielding a signifi cant forage entry × conditioning interaction. By contrast, conditioning method had no eff ect on ADF concentrations, and ADF was lower in hay than in silage and lower in clover than in other forages ( Table  1) . Concentrations of ADL were infl uenced by signifi cant forage entry × conditioning and forage entry × conservation interactions, but overall were greatest in high-CT trefoil and lowest in clover. Switching from rolls to maceration decreased ADL in low-CT trefoil and especially clover, but did not aff ect other forages. Switching conservation method from silage to hay decreased ADL in alfalfa and trefoil, but not in clover. Overall, the relatively high protein and low fi ber content of all forages suggests they were of high quality and suitable for lactating dairy cattle or other livestock with high nutrient demands.
Buff er-soluble protein and BSNPN were infl uenced by signifi cant forage entry × conditioning × conservation interactions. Overall, concentrations of BSP and BSNPN were lower in hay than in silage and lower in high-CT trefoil and o-quinone-containing clover than in alfalfa (Table 2) . Shifting from roll conditioning to maceration reduced BSP and BSNPN to a similar degree in hays and silages of alfalfa and clover, but for trefoil reductions were about twofold greater in silage than in hay. Concentrations of NDIP were greater in hay than in silage. A signifi cant forage entry × conditioning interaction occurred because clover had both the highest NDIP levels and greatest positive response to maceration among forages. Concentrations of ADIP were quite low and not infl uenced by conditioning or conservation methods; however, high-CT trefoil had the highest ADIP concentrations among forages. Overall, the presence of proteinbinding polyphenols in forages, conditioning by maceration rather than by rolls, and conservation as hay rather than as silage shifted protein from highly degradable buff er-soluble forms to slowly degradable detergent-soluble forms.
Hay samples for Michaelis-Menten IIV incubations were weighed into duplicate 50-mL centrifuge tubes to provide 0 (blank), 2, 4, 8, 16, 24 , and 32 mg of N. Samples were suspended in 5 mL of warm (39°C) McDougall's buff er for 1 h and then dosed with 10 mL of inoculum, fl ushed with CO 2 , capped with Bunsen valves, and incubated at 39°C under continuous shaking (Broderick et al., 2004b) . After 2 h of incubation, 1.25 mL (65% w/v) of trichloroacetic acid (TCA) was added, tubes were placed on ice for 30 min, and then centrifuged (15 min, 14,000 × g, and 4°C). Supernatants from in vitro incubations were analyzed by fl ow injection for ammonia by a phenol-hypochlorite assay (Broderick et al., 2004b) and for total amino acids using a fl uorimetric o-phthaldialdehyde reaction (Roth, 1971) . In a similar manner, TCA-treated supernatants from hays extracted with McDougall's buff er also were analyzed by fl ow injection to determine soluble degraded A protein present before in vitro incubation. Potentially degradable B protein was calculated as 1000 − A. Blank-corrected ammonia and amino acid concentrations from in vitro incubations were used to compute the velocity of degradation at each level of sample N; the ratio of total amino acids to total N (μmol mg −1 ) was estimated by fl ow-injection analysis of 6 M HCl hydrolysates prepared from each hay (Broderick et al., 2004b) .
Nonlinear regression of the velocity vs. sample N was used to determine the degradation rate K d of B for each hay by Michaelis-Menten saturation kinetics (Broderick and Clayton, 1992) . Rates were adjusted for fraction A (Colombini and Broderick, 2010) Ørskov and McDonald, 1979) . The IIV incubations were replicated twice.
and RDP was calculated as
A + [B × K d /(K d + K p )], with K p set at 0.06 h −1 (
Other Rumen-Degradable Protein Methods
Single-time-point 10-h in situ ruminal estimates of RDP were previously conducted (Grabber and Coblentz, 2009 ) by incubating duplicate 5-g samples from individual fi eld replicates in two lactating Holstein-Friesian cows fed a blended diet consisting of alfalfa silage, corn silage, and concentrates. The preparation, incubation, washing, and drying of Dacron bags were similar to methods described above for the in situ kinetic study. Bags were not, however, soaked in water before in situ incubation. Buff er and detergent CNCPS protein fractions also were used to calculate RDP by using typical rate constants of 1.50 h −1 for B1, 0.11 h −1 for B2, and 0.0175 h −1 for B3, and a K p of 0.06 h −1 (Sniff en et al., 1992) . In addition, RDP was estimated by incubating duplicate samples (~250 mg) containing 8 mg of N for 16 h with 2 activity units of Streptomyces griseus protease (Grabber, 2009 ).
Statistical Analyses
Data were fi rst subjected to a three-way mixed-model analysis by running PROC MIXED in SAS 9.1 (SAS Institute Inc., Cary NC). Forage entry, conditioning method, conservation method, and their interactions were considered as fi xed eff ects. Field blocks (N = 4), in situ incubation period (N = 2) or IIV incubation period (N = 2), and their interactions with fi xed eff ects were considered as random eff ects. Because signifi cant (P ≤ 0.05) two-and three-way interactions frequently occurred, data were subsequently analyzed within conservation method and least square means within the forage entry × conditioning method interaction were subjected to pair-wise comparisons if
In Situ Kinetic Rumen-Degradable Protein
Protein fractions A, B, and C were signifi cantly infl uenced by three-way forage entry × conditioning × conservation interactions, while the disappearance rate K d was signifi cantly infl uenced by a forage entry main eff ect and a conditioning × conservation interaction. Clover had the largest potentially degradable fraction B and the smallest soluble degraded fraction A and undegradable fraction C (Table 3) . Switching conservation method from silage to hay shifted CP from fraction A to B in alfalfa, low-CT trefoil, and high-CT trefoil, and to a lesser degree in clover. Changing conditioning method from rolls to maceration also shifted CP from fraction A to B in all silages, especially in high-CT trefoil. In hays, shifts from fraction A to B with maceration were most pronounced for clover, not signifi cant for low-CT trefoil, and intermediate for other forages. By comparison, conservation and conditioning methods had minor eff ects on fraction C in forages. The K d for CP was lowest for high-CT trefoil and clover, and switching from rolls to maceration reduced the K d of CP in hay but not in silage.
When calculated at a K p of 0.06 h
, in situ kinetic RDP was infl uenced by a signifi cant three-way forage entry × conditioning × conservation interaction, but overall RDP was greatest in alfalfa and low-CT trefoil, intermediate in high-CT trefoil, and lowest in clover (Table 3) . With roll conditioning, shifting conservation from silage to hay decreased RDP by an average of 106 g kg −1 in alfalfa and trefoils compared with only 42 g kg −1 in clover. Shifting from roll conditioning to maceration of hay reduced RDP by 51 g kg −1 in low-CT trefoil, ~90 g kg −1 in alfalfa and high-CT trefoil, and 154 g kg −1 in red clover compared with 42 g kg −1 in all silages. Thus, CT in trefoil, and especially o-quinones in clover, reduced RDP relative to alfalfa, which lacks protein-protecting polyphenols. Shifting from roll conditioning to maceration greatly increased cell lysis and browning in clover (Grabber, 2008) , and this Table 1 . Protein and fi ber composition of roll-conditioned or macerated hays and silages of alfalfa, birdsfoot trefoil with condensed tannins (CT), and red clover with o-quinones. 
High-CT trefoil
Red clover 
Table 2. Protein fractions in roll-conditioned or macerated hays and silages of alfalfa, birdsfoot trefoil containing condensed tannins (CT), and red clover containing o-quinones.
Fraction † Alfalfa
Low-CT trefoil
High-CT trefoil
Red clover dramatically reduced RDP in clover hay where prolonged exposure to oxygen likely facilitated the generation of protein-protecting o-quinones by polyphenol oxidase. Cell lysis should also facilitate protein-tannin interactions and this was observed in hay where maceration yielded a greater RDP response in high-CT trefoil than in low-CT trefoil. Maceration, however, provided no synergistic eff ect on polyphenol action in ensiled clover or trefoil. Because maceration speeds fermentation and anaerobiosis during ensiling (Muck et al., 1989) , rapid depletion of oxygen probably truncated polyphenol oxidase action in clover, resulting in modest additional reductions in RDP. Anaerobiosis also promotes cell lysis as well as plant proteolysis (Kingston-Smith et al., 2003) ; thus, any potential gains in protein-tannin or protein-o-quinone interactions may have been off set by greater proteolytic activity in macerated and ensiled trefoil and clover. Overall, the presence of protein-binding polyphenols, conditioning by maceration rather than by rolls, and conservation as hay rather than as silage all reduced RDP. Polyphenols and maceration method acted independently in silage but synergistically in hay to depress RDP.
Inhibitor In Vitro Rumen-Degradable Protein
The Michaelis-Menten IIV assay was one of several methods examined as an alternative to the conventional in situ kinetic method for estimating RDP. Currently the IIV assay is suitable for hay but not for silage because high BSNPN levels inhibit microbial fermentation under in vitro conditions (Broderick et al., 2004a) . Before IIV incubation, the potentially degradable fraction B in rollconditioned hays ranged from 730 g kg −1 in alfalfa to 847 g kg −1 in clover (Table 4) . Switching from rolls to maceration increased fraction B to ≥892 g kg
, but a signifi cant forage entry × conditioning interaction occurred because the response in alfalfa was about twofold greater than in other forages. Clover had a lower degradation rate K d than other forage entries; conditioning eff ects were not significant due to high variation in K d estimates.
Forage entry, conditioning method (P = 0.06), and a weak forage entry × conditioning interaction (P = 0.12) infl uenced hay RDP estimates by the IIV assay (Table 4) . In roll-conditioned hays, RDP of alfalfa and trefoils exceeded clover. Changing from rolls to maceration reduced RDP, but the response in high-CT trefoil and especially clover surpassed other forages. Because RDP is estimated from the products of microbial digestion, the IIV assay is not biased by microbial contamination or by particle infl ux/ loss as occurs with the in situ method. The IIV method may, however, somewhat underestimate RDP because any soluble peptides produced by microbial proteolysis are not detected by fl ow-injection analysis of NH 4 and free amino acids. Omitting peptide analysis does not signifi cantly aff ect RDP estimates for alfalfa (Broderick et al., 2004b ), but it may in other forages if soluble peptide-polyphenol complexes are poorly degraded into NH 4 and free amino acids. The IIV approach also assumes that protein degradation begins without a lag period; this may not be the case if CT inhibit proteolytic bacteria (Min et al., 2002) .
The minimum quantity of sample needed for the Michaelis-Menten IIV assay (~10 g) is far less than the standard in situ kinetic method (>140 g), but both methods have a relatively low sample throughput and a requirement for ruminally cannulated livestock. The IIV assay also requires access to fl ow injection or alternative methods for measuring protein degradation products in liquid samples. 
Other Rumen-Degradable Protein Methods
As previously described in detail (Grabber and Coblentz, 2009) , the 10-h in situ, the CNCPS, and the 16-h in vitro protease methods did not consistently estimate forage RDP (Table 5 ). The 10-h in situ incubation suggested RDP was signifi cantly infl uenced by forage entry, conditioning, and conservation main eff ects, but not by treatment interactions. By contrast, a signifi cant forage entry × conditioning × conservation interaction occurred when RDP was calculated from CNCPS fractions or estimated by a 16-h in vitro incubation with Streptomyces protease. The minimum quantity of sample needed to estimate RDP by these methods varies from 1 g with the protease assay, 5 g for the CNCPS method, to just over 20 g for the single-time-point in situ method. The single-time-point in situ and especially the protease methods are relatively simple with high sample throughput, although ruminally cannulated livestock are again needed for in situ incubation. Sample throughput is relatively low for the CNCPS because multiple analyses are involved, but the method provides valuable additional information about the protein and fi ber composition of feedstuff s.
Relationship between In Situ Kinetic and Alternative Rumen-Degradable Protein Estimates
In situ kinetic RDP was highly and consistently related across treatments to RDP estimated by the 10-h in situ incubation and the IIV assay, but slopes and intercepts were biased (Fig. 1A and 1B) . While needing confi rmation, the bias in single-time-point in situ estimates might be reduced by presoaking samples in water before incubation and by using a slightly longer incubation period (e.g., 12 h). Although used previously (Cassida et al., 2000; Griffi n et al., 1994; Vanzant et al., 1996) , a 16-h in situ incubation is likely too long for estimating RDP in lactating dairy cattle (Grabber and Coblentz, 2009 ). In the case of the IIV assay, quantifying soluble peptides in addition to NH 4 and free amino acids produced during digestion might increase the accuracy of RDP estimates (Colombini and Broderick, 2010) , particularly for forages containing protein-binding polyphenols.
The in situ kinetic RDP of roll-conditioned hays, macerated hays, and roll-conditioned silages were most closely related to RDP calculated from CNCPS fractions; slope and intercept bias was signifi cant but small (Fig.  1C) . The slope and intercept of macerated silages diff ered from other forages, indicating that slightly higher protein degradation rates for macerated silages might improve the accuracy of RDP predicted by the CNCPS.
Across treatments, estimates of RDP by the 16-h protease assay were poorly related to in situ kinetic RDP (P = 0.11). Further examination of the data revealed that protease and in situ kinetic RDP estimates were, however, highly related for roll-conditioned forages, but not for macerated forages (Fig. 1D ). Slopes and intercepts for rollconditioned hays and silages were extremely biased; running the Streptomyces protease assay with a higher enzyme loading or a longer incubation time may, however, reduce . ‡ Forage means within rows with unlike letters differ (P ≤ 0.05).
bias for these forages and may also improve predictions for macerated forages (Coblentz et al., 1999) .
CONCLUSIONS
The presence of protein-binding polyphenols, conditioning by maceration rather than by rolls, and conservation as hay rather than as silage shifted protein from buff er-to detergent-soluble forms and reduced in situ kinetic RDP from excessive levels in high-protein and low-fi ber forage legumes. At comparable concentrations (~15 g kg ), o-quinones in clover were more eff ective than CT in trefoil for limiting RDP. Maceration acted synergistically with polyphenols to limit RDP in hays but not in silages.
Using standard degradation rates for protein fractions, the CNCPS accurately predicted the in situ kinetic RDP of most forage legumes with little bias. The Michaelis-Menten IIV assay and the single-time-point 10-h in situ incubation yielded RDP estimates that were highly related to the in situ kinetic method but biased. Direct measurement of protein degradation products by the IIV assay may, however, more accurately predict the RDP of feedstuff s than in situ methods, which suff er from microbial contamination and particle infl ux/loss from bags. While requiring the least amount of sample and having the highest throughput, the 16-h Streptomyces protease assay yielded highly biased estimates of in situ kinetic RDP for only roll-conditioned forages; higher enzyme loadings or longer incubation times might, however, improve protease assay performance.
